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It is envisaged that future civil aero-engines will operate with greater bypass ratios compared to 
contemporary conﬁgurations to lower speciﬁc thrust and improve propulsive eﬃciency. This trend is 
likely to be accompanied with the implementation of a shorter nacelle and bypass duct for larger 
engines. However, a short bypass duct may result in an aerodynamic coupling between the exit ﬂow 
conditions of the fan Outlet Guide Vanes (OGVs) and the exhaust system. Thus, it is imperative that 
the design of the exhaust is carried out in combination with the fan exit proﬁle. A parabolic deﬁnition 
is used to parameterise and control the circumferentially-averaged radial proﬁles of stagnation pressure 
and temperature at the fan OGV exit. The developed formulation is coupled with a parametric exhaust 
design approach, an automatic computational mesh generator, and a compressible ﬂow solution method. 
A global optimisation strategy is devised comprising methods for Design of Experiment (DOE), Response 
Surface Modelling (RSM), and genetic optimisation.
A combined Design Space Exploration (DSE) comprising both geometric, as well as fan exit proﬁle 
variables, is performed to optimise the exhaust geometry in conjunction with the fan exit proﬁle. The 
developed approach is used to derive optimum exhaust geometries for a tip, mid, and hub-biased fan 
blade loading distribution. It is shown that the proposed formulation can ameliorate adverse transonic 
ﬂow characteristics on the core after-body due to a non-uniform bypass inﬂow. The hub-loaded proﬁle 
was found to be most penalising in terms of exhaust performance compared to the mid and tip-loaded 
variants. It is demonstrated that the combined fan exit proﬁle and exhaust geometry optimisation offers 
signiﬁcant performance improvement compared to the ﬁxed inﬂow cases. The predicted performance 
beneﬁts can reach up to 0.19% in terms of exhaust velocity coeﬃcient, depending on fan loading 
characteristics. A notable improvement is also noted in terms of bypass nozzle discharge coeﬃcient. This 
suggests that the combined optimisation can lead to an exhaust design that can satisfy the engine mass-
ﬂow rate demand with a reduced geometric throat area, thus potentially offering further exhaust size 
and weight beneﬁts.
© 2019 Rolls-Royce plc. Published by Elsevier Masson SAS. This is an open access article under the CC 
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
1.1. Background
It is envisaged that the next generation of large civil aero-
engines will operate with substantially greater values of By-Pass 
Ratio (BPR) compared to contemporary architectures in order to 
lower speciﬁc thrust and improve propulsive eﬃciency [1,2]. This 
trend results in a higher gross to net propulsive force ratio, 
FG
FN
, 
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(http://creativecommons.org/licenses/by-nc-nd/4.0/).which changes from approximately 3 to 4 for increasing the value 
of BPR from 11 to 15+ at a ﬁxed cycle technology level and FN [3]. 
However, the aerodynamic behaviour of the exhaust system has 
a ﬁrst-order effect on gross propulsive force FG [4]. Hence, it is 
anticipated that the performance of the exhaust system will play 
an increasingly important role to the success of future Very-High-
Bypass-Ratio (VHBR) civil aero-engines.
An increase in BPR is likely to be accompanied with the imple-
mentation of a shorter nacelle and bypass duct to ameliorate the 
adverse impact of large engine installation effects [5–7]. However, 
a short bypass duct may result in a comparatively stronger aero-
dynamic coupling between the ﬂow conditions at the fan exit and 
the aerodynamic behaviour of the exhaust system [8]. Thus, it is 
imperative that the exhaust design space is explored in an inte-ccess article under the CC BY-NC-ND license 
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Roman Symbols
a,b, c Parabolic equations coeﬃcients
C BypassD Bypass exhaust nozzle discharge coeﬃcient
CCoreD Core exhaust nozzle discharge coeﬃcient
C O verallV Exhaust system overall velocity coeﬃcient
FG , FN Gross and net propulsive force, . . . . . . . . . . . . . . . . . . . . . . N
k Turbulent kinetic energy, . . . . . . . . . . . . . . . . . . . . . m2/sec2
L, R Length and Radius, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m
M∞ Free-stream Mach number
NPearson Pearson’s product-moment of correlation
P , T Pressure and Temperature, . . . . . . . . . . . . . . . . . . . Pa and K
r Normalised radial coordinate, = R − R
min
OGV
RmaxOGV − RminOGV
rmaxP0/T0 Normalised radial coordinate of maximum P0, T0
S F Parabolic equation amplitude scaling factor
x, y Parabolic equation variables
Greek Symbols
κ,h Parabolic shape control vertex coordinates
ω Speciﬁc dissipation rate, . . . . . . . . . . . . . . . . . . . . . . . . . . 1/sec
θ
avg
sw Area-averaged fan OGV exit swirl angle, . . . . . . . . . . deg
Superscripts
avg Referring averaged ﬂow conditions
Bypass Referring to the bypass exhaust system
Core Referring to the core exhaust system
min/max Referring the minimum or maximum position
O verall Referring to the overall exhaust system
Subscripts
0 Referring to stagnation ﬂow conditions
C P Referring to the nozzle charging plane
Exit Referring to the nozzle exit plane
OGV Referring to the fan OGV exit plane
st Referring to static ﬂow conditionsFig. 1. Notional housing geometry for a turbofan engine equipped with separate-jet 
exhausts.
grated manner and that the combined Low-Pressure (LP) system is 
optimised at engine level during preliminary design. This practice 
entails the design of the exhaust to be carried out in conjunction 
with the aerodynamic characteristics at the fan exit to maximise 
the LP exhaust ﬂow-path eﬃciency.
Within this work, the term “exhaust system” is used to denote 
the bypass and core ducts and nozzles including their respective 
after-bodies. An air-ﬂow vent is usually located on the core after-
body, also referred to as the “core cowl”, and is used to exhaust 
secondary air-ﬂows. The geometry of a notional separate-jet ex-
haust for a civil turbofan engine is shown in Fig. 1.
The design optimisation of separate-jet exhausts for civil aero-
engines has been reported by Goulos et al. [3,9–11]. However, pre-
vious analyses [3,9–13] have neglected the aerodynamic coupling 
between the fan exit ﬂow distribution and the bypass exhaust sys-
tem. As a result, the impact of inﬂow non-uniformity at the bypass 
duct inlet (Fig. 1) has been traditionally omitted during the pre-
liminary design of aero-engine exhaust systems. However, previous 
investigations have shown that the radial variations of total pres-
sure P0 and temperature T0 at the bypass inlet can inﬂuence the 
aerodynamic behaviour of the exhaust system [14]. As a result, the 
assumption of uniform inlet conditions could potentially lead to 
the design of exhaust geometries that are sub-optimum when op-
erated using a realistic inlet ﬂow-ﬁeld.
1.2. Exhaust performance prediction and accounting
The aerodynamic forces exerted on the walls of an aero-engine 
exhaust system affect the produced gross propulsive force FG . Dusa 
et al. [15] noted that the reduction in FG due to non-isentropic 
ﬂow phenomena can be of the order of 1.5–2.0% relative to the 
case of isentropic ﬂow. The aerodynamic performance of an ex-
haust system is usually referred to that of an ideal nozzle using the non-dimensional discharge and velocity coeﬃcients, CD and 
CV , respectively [16,17].
1.3. LP exhaust ﬂow-path optimisation for civil aero-engines
There is a dearth of literature that deals with the optimisation 
of the bypass exhaust system in conjunction with the aerody-
namic characteristics of the fan design. It is noted that substantial 
research has been reported to date on the aerodynamic design 
and optimisation of low-speed [18] and transonic fan conﬁgura-
tions [19,20] for aero-engines. However, the impact of fan blade 
span-wise loading on the aerodynamic behaviour of the bypass 
duct and nozzle has not been investigated to date. This aspect is 
of increasing interest due to the importance of the exhaust system 
in ensuring the success of future VHBR aero-engines [10,11]
Clement et al. [21] reported on the optimisation of the LP ex-
haust system for a high BPR civil turbofan engine. The employed 
topology included the fan OGVs, the bypass duct, as well as struc-
tural components such as struts, fairing, and bifurcations. The by-
pass duct geometry was parameterised using second-order splines, 
whilst the 3D Reynolds-Averaged Navier-Stokes (RANS) ﬂow-solver 
HYDRA[22] was used to carry out the aerodynamic analyses. A 
holistic optimisation strategy was devised including methods for 
DOE, surrogate modelling, and global optimisation. A random se-
quence generator[23] was incorporated to sample the prescribed 
design space, whilst interpolation using Radial Basis Functions 
(RBF)[24] was deployed to structure the required surrogate models. 
A Genetic Algorithm (GA) [25] was applied to optimise the exhaust 
geometry by minimising the total pressure loss in the bypass duct. 
The combined process was able to reduce the predicted total pres-
sure loss within the duct by 0.1% relative to a baseline design.
Tschirner et al. [26] developed an automated aerodynamic anal-
ysis process, based on Computational Fluid Dynamics (CFD), for 
the minimisation of aerodynamic losses generated in the fan OGVs 
and downstream struts by the introduction of a core mount arm. 
A RANS method was applied on a hybrid structured–unstructured 
grid using the Spalart–Allmaras turbulence model [27]. An exten-
sive optimisation campaign was carried out to identify an optimum 
combination of pylon, strut fairing, and OGV stagger angle that 
minimised total pressure loss in the bypass exhaust whilst keep-
ing the circumferential pressure distortion to an acceptable value.
Keith et al. [12] described an integrated framework target-
ing the aerodynamic analysis of three-dimensional (3D) separate-
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proach was based on CFD through the deployment of a RANS 
scheme [28]. Flow-ﬁeld analyses were carried out and reported for 
two-dimensional (2D) axi-symmetric exhaust geometries as well 
as for 3D designs including the bifurcations and pylon. Keith et al. 
concluded that the exhaust ﬂow properties for the axi-symmetric 
cases are representative of those corresponding to the full 3D de-
signs with respect to regions away from the inﬂuence of the bifur-
cations and pylon. However, the impact of P0 and T0 radial proﬁles 
downstream of the fan OGV exit was not accounted for in the re-
ported analyses.
1.4. Scope of present work
This paper reports the development of an integrated approach 
for the LP exhaust ﬂow-path optimisation of civil aero-engines dur-
ing preliminary design. The method is able to evaluate the impact 
of fan exit ﬂow characteristics on the aerodynamically optimum 
exhaust shape, as well as to optimise the exhaust geometry and 
fan exit proﬁle simultaneously. The developed approach extends 
previous work [3,9] through the parametric representation of non-
uniform ﬂow conditions at the fan OGV exit. A parabolic math-
ematical deﬁnition is employed to parameterise and control the 
radial distributions of P0 and T0 for ﬁxed averaged ﬂow properties. 
The developed formulation is coupled with a parametric exhaust 
design method [3], an automatic mesh generator [29], and a Favre-
averaged ﬂow solution method [30]. A computationally eﬃcient 
optimisation strategy is adapted comprising numerical methods 
for Design Space Exploration (DSE) [31], Response Surface Mod-
elling (RSM) [32], and genetic optimisation [33]. The DSE approach 
is extended to include the fan OGV exit ﬂow control variables in 
combination with the previously employed geometric control vari-
ables [11]. This enables the identiﬁcation of optimised radial ﬂow 
proﬁles for any exhaust geometry, or the derivation of exhaust 
designs optimised for speciﬁc inlet conditions, as well as any com-
bination of the above.
The developed method is employed to investigate the impact of 
three fan OGV exit proﬁles on the performance of a VHBR engine 
exhaust system, reﬂecting different types of fan blade span-wise 
loading. These correspond to tip, mid, and hub-loaded fan blade 
designs. A comparative evaluation is initially performed to iden-
tify the underlying ﬂow mechanisms that govern the impact of 
fan OGV exit proﬁle on the aerodynamic behaviour of the exhaust 
system. An aerodynamic DSE is carried out to quantify the inﬂu-
ence of inlet non-uniformity magnitude and radial ﬂow biasing on 
the exhaust performance metrics of interest. Subsequently, a DOE 
comprising both exhaust geometry and fan exit proﬁle variables, is 
deployed to populate a combined design database used for surro-
gate modelling purposes. The structured RSMs are incorporated to 
carry out a combined inﬂow and geometry optimisation in order 
to obtain a globally optimum combination of fan exit proﬁle and 
exhaust design. A set of optimised exhaust geometries are also de-
rived for ﬁxed fan OGV exit ﬂow conditions corresponding to each 
fan blade loading type. The obtained results are used to derive per-
formance change estimates due to the inﬂow constraints associated 
with the investigated types of fan blade loading.
2. Numerical approach
This work is based on the mathematical method originally de-
veloped by Goulos et al. [3,9–11] for the aerodynamic analysis of 
civil turbofan engines with separate-jet exhausts. The developed 
approach has been named GEMINI (Geometric Engine Modeller
Including Nozzle Installation). GEMINI can automatically design, 
mesh, simulate, and optimise the geometry of an exhaust sys-
tem based on a designated engine cycle and a limited set of key hard points prescribed by the user. GEMINI encompasses a series 
of fundamental modelling methods originally developed for; en-
gine performance analysis [34], exhaust duct and nozzle aeroline 
parameterisation [3,35,36], RANS ﬂow solution [29,30], as well as 
DSE [31,32] and Multi-Objective Optimisation (MOO) [33]. An ana-
lytical description of the individual modules has been provided by 
Goulos et al.[3,9–11]. Therefore, only a brief synopsis of the system 
is provided.
2.1. GEMINI: Aerodynamic design and analysis of civil aero-engine 
exhaust systems
The exhaust design method in GEMINI commences by evaluat-
ing the aero-thermal behaviour of the engine. This includes both 
Design Point (DP) as well as Off-Design (OD) conditions. Aero-
thermal analysis is carried out using the 0D method TURBOMATCH, 
originally described by Macmillan [34]. The purpose of this process 
is two-fold: (a) it estimates the throat-area demand for the bypass 
and core nozzles, and (b) it determines the averaged ﬂow proper-
ties at the inlet of each nozzle to be used as Boundary Conditions 
(BCs) in the CFD analysis. TURBOMATCH has been used in several 
studies in the literature for the prediction of DP, OD, and transient 
performance of gas turbine engines [37].
Having established the key engine area requirements from the 
0D aero-thermal analysis, GEMINI produces the aerodynamic lines 
for the engine components such as the nacelle and the exhaust 
system (Fig. 1). An automated mesh generation method is subse-
quently deployed to establish a multi-block structured mesh [29]. 
This deﬁnes the computational domain upon which the viscous 
and compressible ﬂow-ﬁeld are resolved [30]. The obtained CFD 
solutions are subsequently post-processed to derive the exhaust 
performance metrics [3]. These include the bypass and core noz-
zle discharge coeﬃcients, C BypassD and C
Core
D , respectively, and the 
overall exhaust velocity coeﬃcient C O verallV .
All boundary-layer blocks within the computational domain are 
discretised to employ a total of 50 nodes normal to the wall sur-
face, as well as to satisfy a y+ value below unity for all wall-
adjacent cells. A growth ratio of 1.2 is applied for the inﬂation of 
the boundary-layer nodes normal to each viscous wall surface. A 
grid independence analysis was carried out and reported by Gou-
los et al. [3] where the associated Grid Convergence Indices (GCI) 
for C BypassD , C
Core
D , and C
O verall
V were shown to be approximately 
0.017%, 0.83%, and 0.058%, respectively, for a mesh with a total of 
4.75 × 105 elements. However, it is noted that the meshes used 
within this work featured approximately 8 × 105 elements.
A Favre-Averaged CFD approach [30] coupled with the k − ω
Shear-Stress Transport (SST) turbulence model [38] is employed for 
all computations reported in this article. The Green-Gauss node-
based method is utilised for calculation of the ﬂow-ﬁeld gradients. 
A second-order accurate upwind scheme is used for the spatial 
discretisation of primitive variables as well as turbulent kinetic en-
ergy k and speciﬁc dissipation rate ω. Kinetic theory [39] is applied 
for the computation of thermal conductivity. Variable gas proper-
ties are employed based on an 8th order piece-wise polynomial 
expression for the estimation of speciﬁc heat capacity as a func-
tion of Tst . Sutherland’s law [40] is applied for the computation of 
dynamic viscosity. All viscous walls are treated as adiabatic whilst 
non-reacting ﬂow conditions are assumed. The employed CFD ap-
proach was veriﬁed and validated by Goulos et al. [3] and Otter et 
al. [41].
With this numerical approach, the relative percentage differ-
ence in mass-ﬂow between the bypass duct inlet and the bypass 
nozzle outlet was of the order of 0.01%, with similar values esti-
mated for the core nozzle. However, this relative error is more than 
an order of magnitude below the percentage differences noted in 
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Bypass
D due to the impact of fan loading characteris-
tics, as shown in Figs. 4 and 9, within section 3 of this article.
2.2. Exhaust system parametric design
GEMINI incorporates a parametric geometry deﬁnition based on 
the Class-Shape function Transformation (CST) method originally 
proposed by Kulfan [35] and further developed by Qin [36]. The 
employed approach developed by Goulos et al. [3] inherits the in-
tuitiveness and ﬂexibility of Qin’s CST variation [36] and extends 
its applicability to the parametric representation of exhaust ducts, 
nozzles, and after-bodies [10]. The adapted formulation allows to 
express the bypass/core duct, nacelle exhaust, and after-body aero-
lines as functions of intuitive parameters. The employed parametric 
geometry deﬁnition has been extensively described by Goulos et 
al. [3,10,11].
2.3. Parametric fan OGV exit ﬂow representation
To mitigate the excessive computational overhead associated 
with modelling the complex three-dimensional ﬂow-ﬁeld within 
the fan stage, a reduced-order model is developed for the para-
metric representation of the radial ﬂow properties at the fan OGV 
exit. This is accomplished through the use of a parabolic deﬁnition 
for the parameterisation and control of the circumferentially aver-
aged radial distributions of P0 and T0 immediately downstream of 
the fan OGV exit.
The fundamental mathematical deﬁnition of a generic parabolic 
equation can be expressed as follows [42]:
y(x) = a(x− h)2 + κ (1)
where the coeﬃcient a represents the amplitude of the parabola, 
whilst the parameters κ and h denote the coordinates of the shape 
control vertex in the Cartesian plane. Since the parabolic deﬁnition 
is used to control radial ﬂow variations, the independent coordi-
nate x in Eq. (1) is reassigned to the normalised radial coordinate 
at the fan OGV exit; r = R − R
min
OGV
RmaxOGV − RminOGV
where r ∈ [0, 1]. It is noted 
that RmaxOGV and R
min
OGV signify the minimum and maximum radii 
at the fan OGV exit, respectively, whilst R corresponds to the lo-
cal radial coordinate with R ∈ [RminOGV , RmaxOGV ]. The vertex control 
coeﬃcients κ and h are uniquely related to the maximum dis-
tribution value (y(r)max) and its corresponding independent radial 
coordinate r(y(r)max) = rmaxy , respectively. Thus, for the case of P0
it follows that P0(r) = y(r), Pmax0 = κ , and rmaxP0 = h, with similar 
expressions used for T0. With these provisions, Eq. (1) can be ex-
panded and re-written in a non-dimensional manner as described 
below:
P0(r)
Pavg0
= ar2 − 2armaxP0 r +
(
a × (rmaxP0 )2 +
Pmax0
Pavg0
)
(2)
where normalisation is carried out with respect to the axi-
symmetrically area-weighted average total pressure Pavg0 . Equa-
tion (2) follows the standard parabolic equation form of y(x) =
ax2 + bx + c, whereby the polynomial coeﬃcients are given by:
b = −2armaxP0 (3a)
c = a × (rmaxP0 )2 +
Pmax0
Pavg0
(3b)
For rmaxP0 ∈ [0, 1], the expression used for the determination of co-
eﬃcient a in the RHS of Eq. (2), which represent the amplitude of 
the parabolic deﬁnition, is dependent on rmax as shown below:P0a = S F ×
− P
max
0
Pavg0
(rmaxP0 )
2 − 2rmaxP0 + 1
, f or rmaxP0 < 0.5 (4a)
a = S F ×
− P
max
0
Pavg0
(rmaxP0 )
2
, f or rmaxP0 ≥ 0.5 (4b)
where S F is a numerically derived factor required to ensure scal-
ability. Equation (2) describes the radial distribution of normalised 
total pressure 
(
P0(r)
Pavg0
)
at the fan OGV exit as a function of solely 
two parameters: (a) the maximum value of normalised total pres-
sure 
(
Pmax0
Pavg0
)
, and (b) the corresponding radial location rmaxP0 where 
the peak value of P0 manifests.
It is noted that direct application of Eq. (2) yields non-negligible 
variations in the area-weighted average value of P0(r), noted above 
as Pavg0 . As a result, Eq. (2) is essentially non-scalable as it does 
not automatically conserve Pavg0 when P
max
0 and r
max
P0
are explicitly 
varied. Thus, a further provision is required to ensure scalability so 
that the employed parameterisation satisﬁes the conservation of 
area-averaged ﬂow properties. This is established through the ap-
plication of an iterative scheme used to adjust the amplitude of the 
parabola through the scaling factor S F in Eqs. (4a) and (4b). The 
condition used to determine S F dictates that the area-averaged 
normalised total pressure distribution over the axi-symmetric an-
nulus must be equal to unity. This can be expressed through the 
following equation:
1∫
0
(
P0(r)
Pavg0
)
rdr + R
min
OGV
RmaxOGV − RminOGV
×
1∫
0
(
P0(r)
Pavg0
)
dr − R
max
OGV + RminOGV
2(RmaxOGV − RminOGV )
= 0 (5)
Equation (5) is a scalar non-linear equation that can be solved 
numerically for the unknown value of S F using an appropriate 
solution scheme such as the bisection or Newton’s method. The 
numerical solution of Eq. (5) and subsequent use of Eqs. (4a, 4b), 
(3a, 3b) and Eq. (2) automatically result in the area-averaged radial 
distribution of normalised total pressure 
(
P0(r)
Pavg0
)
for prescribed 
values of 
(
Pmax0
Pavg0
)
and rmaxP0 . The derived distribution can be sub-
sequently scaled to reﬂect the dimensional variation of P0(r) using 
a speciﬁc value of area-averaged total pressure Pavg0 . The devel-
oped approach was also used throughout this paper to prescribe 
boundary conditions at the bypass inlet in terms of T0(r). A least-
squares-based interpolation scheme was employed to apply dis-
crete P0 and T0 values at the bypass inlet grid points (Fig. 1) based 
on the derived analytical variations of P0(r) and T0(r).
An example of this process is illustrated in Fig. 2. Fig. 2(a) 
demonstrates that the parameterisation can be employed to con-
trol the magnitude of non-uniformity of a radial proﬁle through 
speciﬁcation of the maximum to area-averaged value of a desig-
nated ﬂow property. The method can approximate the radial dis-
tributions of P0 at the fan OGV exit using representative numerical 
values for 
(
Pmax0
Pavg
)
and rmaxP0 extracted from computationally or 0
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avg
0 : (a) impact of 
(
Pmax0
Pavg0
)
for rmaxP0 =
0.5, (b) impact of rmaxP0 for 
(
Pmax0
Pavg0
)
= 1.05.
experimentally derived radial traverses of P0 found in the litera-
ture [43]. Fig. 2(b) shows that the developed parametric inﬂow def-
inition can be used to model the radial ﬂow distributions of P0 for 
representative hub-loaded (rmaxP0 = 0.25), mid-loaded (rmaxP0 = 0.5), 
and tip-loaded (rmaxP0 = 0.75) fan designs.
The selection of area-weighted averaging in the derivation 
of Eq. (5) as opposed to the commonly employed momentum-
weighted and mass-weighted averaging [44] techniques, is due to 
the unknown radial variations of mass, momentum, and enthalpy 
ﬂuxes at the fan OGV exit prior to a CFD analysis. This is due 
to the impact of the exhaust geometry and nozzle base-pressure 
on the radial static pressure distribution at the bypass inlet [14]. 
The proposed approach employs area-weighted averaging to en-
sure consistent application of P0 and T0 BCs at the fan OGV exit 
in a manner that is independent of exhaust design and does not 
entail an a-priori CFD analysis. However, to maintain consistency 
with standard practice in terms of exhaust analysis [3,17,44], the 
mass-averaged values of P0 and T0 and the bypass inlet are calcu-
lated a-posteriori of the aerodynamic evaluation and subsequently 
used for the evaluation of the exhaust metrics; C O verallV , C
Bypass
D , 
and CCoreD . However, Bucci [14] showed that for inﬂow deﬁnition 
parameters in terms of 
(
Pmax0
Pavg0
)
and 
(
Tmax0
T avg0
)
reﬂecting realis-
tic mid-loaded proﬁles, the associated percentage differences for 
P0 and T0 between mass and area averaging are below 0.5% and 
0.15%, respectively.
The employed parametric inﬂow deﬁnition was developed to 
approximate the bulk-ﬂow parameters in terms of P0 and T0 ra-
dial proﬁles at the fan exit. These were based on representative 
experimental or numerical ﬂow distributions found in the litera-
ture [43,45]. It is emphasised that the ultimate goal of this work is 
the development of a rapid methodology that allows for the design 
of the exhaust to be carried out in combination with the design 
of the fan. From this perspective, the fan blade span-wise load-
ing directly affects the fan exit ﬂow proﬁle, which has an impact 
on the performance of the exhaust. Concurrently, the employed in-
ﬂow deﬁnition was selected for its capacity to represent primarily 
the impact of any designated fan blade span-wise loading on the 
radial proﬁles of P0 and T0 at the bypass duct inlet, as shown in 
Fig. 1.
Furthermore, this method was selected for its ability to para-
metrically reproduce fan exit ﬂow proﬁles using a reduced number of variables, thus maintaining low-dimensionality and ensuring ap-
plicability in a DSE environment. It was shown in Fig. 2 that this 
inﬂow deﬁnition can be used to control the span-wise variation of 
P0(r)/P
avg
0 using only two parameters: 
(
Pmax0
Pavg0
)
for rmaxP0 . Identical 
expressions are used for the parametric deﬁnition of T0(r)/T
avg
0 . 
As such, it is a ﬂexible and eﬃcient approach that can be used to 
model the impact of fan blade span-wise loading on the P0 and 
T0 proﬁles at the bypass inlet. Hence, the combined approach can 
be used to directly relate the impact of changes in fan blade span-
wise loading on the aerodynamic performance of the exhaust.
However, it recognised that this approach does not account for 
certain non-uniformities in the circumferentially-averaged ﬂow-
ﬁeld at the fan exit due to the presence of ﬂow-features such 
as near-wall boundary-layer momentum deﬁcit, hub and tip sec-
ondary ﬂows, and tip-leakage ﬂows. As such, the impact of these 
ﬂow-features on the radial variation of P0 and T0 is not modelled 
in this work.
2.4. Design space exploration and optimisation
GEMINI employs a computationally eﬃcient optimisation strat-
egy based on surrogate-modelling that accounts for the inherent 
non-linearity of transonic ﬂow aerodynamics and reduces the com-
putational overhead cost with multiple CFD evaluations [9]. The 
approach has been extensively described by Goulos et al. [9], thus 
only a brief synopsis will be provided in this paper.
GEMINI comprises modules for DSE, RSM (also referred to as 
surrogate modelling), parameter identiﬁcation, and MOO. The DSE 
method comprises two parts; (a) an initial DOE which strategically 
populates the design space, and (b) the derivation of RSMs using 
the DOE sample data. The Latin Hypercube Design (LHD) DOE algo-
rithm [31] has been selected for this work. Having completed the 
computational process driven by the LHD DOE, RSMs can be struc-
tured using the sample data as model inputs. Interpolation using 
Gaussian Processes Regression [32] (Kriging Interpolation) is used 
in this work.
The derived RSMs can be used to predict the aerodynamic be-
haviour of new LP systems including the impact of both inﬂow 
and exhaust geometry deﬁnition parameters. GEMINI incorporates 
RSMs as drivers during the optimisation process instead of relying 
directly on CFD analysis. The underlying purpose is to mitigate the 
excessive computational overhead associated with numerous CFD 
evaluations. The Leave-One-Out (LOO) cross-validation method [46]
is deployed to evaluate the predictive accuracy of the structured 
RSMs. The Non-dominated Sorting Genetic Algorithm II (NSGA-II) 
originally proposed by Deb et al. [33] was the optimiser of choice 
due to its global convergence characteristics. Due to the deploy-
ment of surrogate models in the optimisation, a novel approach 
is incorporated that is able to track and suppress the uncertainty 
associated with RSM predictions. The method is able to identify 
potential RSM deﬁciencies and mitigate their impact in the pursuit 
of optimum solutions.
Within this work, the employed DSE and MOO approach of 
GEMINI has been further extended to include the associated fan 
OGV exit ﬂow control variables for P0 and T0 (Fig. 2) in com-
bination with the previously employed geometric control vari-
ables [11]. Thus, contrary to a strictly geometric optimisation, as 
was reported in earlier references [9–11], the newly-developed 
method can optimise the exhaust geometry and fan OGV ﬂow pro-
ﬁles simultaneously.
3. Results and discussion
A numerical investigation was carried out to evaluate the im-
pact of fan OGV exit proﬁle on the aerodynamic behaviour of the 
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Investigated fan exit proﬁle parameters.
Proﬁle type/Parameter
Pmax0
Pavg0
rmaxP0
Tmax0
T avg0
rmaxT0
Tip-loaded 1.062 0.62 1.01 0.62
Mid-loaded 1.074 0.50 1.01 0.50
Hub-loaded 1.075 0.28 1.01 0.28
exhaust system. Furthermore, a holistic DSE campaign was per-
formed to understand the exhaust geometry changes required to 
accommodate the bypass inﬂow aerodynamic characteristics asso-
ciated with prescribed fan blade loading distributions. The inves-
tigated power-plant architecture was deﬁned to be representative 
of future large turbofans [1]. Aerodynamic analyses were carried 
out for a VHBR civil aero-engine with BPR ≈ 16, F N P R ≈ 2.2, 
and CNP R ≈ 1.5 at DP mid-cruise conditions (M∞ = 0.85, Alt. =
10668 m). The engine cycle was compiled based on publicly avail-
able information for a “year 2025 to 2030” entry to service tech-
nology level [47]. The cycle derivation approach was documented 
by Goulos et al. [10].
3.1. Aerodynamic impact of fan exit ﬂow proﬁle
A parametric analysis was initially carried out to understand the 
ﬂow mechanisms associated with the effect on fan OGV exit pro-
ﬁle on exhaust aerodynamics. Numerical analyses were performed 
for three distributions of P0(r) and T0(r) reﬂecting different types 
of fan blade loading. These correspond to tip, mid, and hub-loaded 
designs. The associated proﬁle control parameters are documented 
in Table 1. The baseline proﬁles were deﬁned to have increased 
non-uniformity magnitude in terms of 
Pmax0
Pavg0
to better show-case 
the impact of adverse ﬂow features associated with each type of 
fan-blade loading. Bucci [14] showed that the impact of T0(r) on 
the aerodynamic behaviour of the exhaust is an order of magni-
tude smaller compared to the inﬂuence of P0(r). Hence, the focus 
of this work is on P0(r), whilst the associated changes in T0(r) are 
tailored accordingly to establish ﬂow compatibility in terms of fan 
blade loading, as outlined in Table 1.
The baseline exhaust geometry is equipped with convergent by-
pass and core nozzles and was pre-optimised at DP mid-cruise 
conditions for C O verallV as described by Goulos et al. [11] using a 
notional mid-loaded fan OGV exit ﬂow proﬁle with 
(
Pmax0
Pavg0
)
≈
1.02 and rmaxP0 ≈ 0.52. Fig. 3 presents the impact of the deﬁned 
parabolic proﬁles (Table 1) on the aerodynamic behaviour of the 
baseline exhaust. Numerical results are presented for the tip, mid, 
and hub-loaded variants in Figs. 3(b), (c), and (d), respectively, 
whilst Fig. 3(a) illustrates the exhaust ﬂow-ﬁeld for the case of 
uniform bypass inﬂow. The corresponding distributions of P0(r) at 
the bypass duct entry are also shown in Figs. 3(a)-(d).
Fig. 3(a) demonstrates that for the case of uniform inﬂow, the 
aerodynamic behaviour of the pre-optimised exhaust does not ex-
hibit any notable adverse ﬂow features. The subsonic ﬂow within 
the bypass duct is fully attached whilst the bypass nozzle oper-
ates choked with a clearly deﬁned sonic line. The ﬂow over the 
core cowl is fully supersonic until the vicinity of the trailing edge. 
A transonic ﬂow pattern of relatively weak oblique shocks and 
expansion fans manifests downstream of the core cowl trailing 
edge which gradually aligns the bypass ﬂow with the axial di-
rection. Furthermore, the occurrence of weak locally supersonic 
ﬂow domains can be observed on the bypass nozzle inner annu-
lus between the CP and the nozzle exit. This is due to the inner 
wall curvature distribution that has been pre-optimised for a non-
uniform proﬁle with reduced P0 content near the inner wall [11].Fig. 3. Impact of fan exit proﬁle on exhaust aerodynamics: (a) uniform inﬂow, 
(b) tip-loaded, (c) mid-loaded, and (d) hub-loaded.
Fig. 3(b) demonstrates that a tip-loaded proﬁle has led to a re-
gion of low momentum ﬂow near the inner annulus wall which 
extends from the bypass duct entry to the nozzle charging plane 
(CP). This is due to the P0 deﬁcit of the tip-loaded proﬁle near 
the inner annulus, combined with the adverse pressure gradient 
that naturally manifests within that region due to a diffusive duct 
geometry [11]. The combination of these ﬂow-features can result 
in extended regions of ﬂow separation near the inner duct an-
nulus wall which has an adverse impact on exhaust performance. 
Furthermore, it can be noted that the bypass ﬂow at the nozzle 
exit has become locally subsonic at the inner annulus due to the 
reduced P0 content. Although the speciﬁc ﬂow feature may not di-
rectly result in a signiﬁcant performance penalty, it can affect fan 
compatibility if present during DP mid-cruise conditions.
The effect of a mid-loaded proﬁle on the exhaust aerodynamics 
is presented in Fig. 3(c). It can be observed that the speciﬁc proﬁle 
has resulted in a reduction of near-wall velocities with respect to 
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drop in P0. This is a favourable ﬂow feature as it leads to reduced 
skin-friction on the bypass duct walls. However, a mid-loaded dis-
tribution with high magnitude of non-uniformity (Fig. 2(a)) may 
result in excessive P0 drop near the annulus walls. This may even-
tually cause ﬂow-separation with a penalising inﬂuence on exhaust 
performance. Furthermore, Fig. 3(c) shows that the deployment of 
a mid-loaded proﬁle has signiﬁcantly altered the transonic shock-
ﬁeld downstream of the bypass nozzle exit relative to the case of 
uniform inﬂow shown in Fig. 3(a). The bypass ﬂow over the core 
cowl appears to form a shock cell that consists of a supersonic 
core that is enveloped by high-Mach number subsonic boundaries. 
The shock cell over the core after-body appears to comprise weak 
oblique shock waves and expansion fans, as well as a stronger nor-
mal shock downstream of the core cowl trailing edge. The observed 
normal shock produces entropy and leads to a further decrease in 
performance. However, the enveloping shock cell subsonic bound-
aries result in reduced shear-stress between the outer jet boundary 
and free-stream ﬂow, as well as between the bypass and core cowl 
vent jet boundaries.
Fig. 3(d) presents the inﬂuence of the hub-loaded proﬁle on 
the aerodynamic behaviour of the VHBR exhaust system. Similar 
to the case of the tip-loaded radial proﬁle illustrated in Fig. 3(b), 
the deﬁcit of P0 at the fan OGV exit outer region has resulted 
in reduced ﬂow momentum near the bypass duct outer annulus 
wall. This ﬂow feature combined with the adverse pressure gradi-
ent generated due to the employment of a diffusive duct can lead 
to boundary layer separation at the duct outer annulus wall result-
ing in a performance penalty. More importantly, the formation of 
a double shock pattern can be observed on the core after-body al-
most immediately aft of the bypass nozzle exit. This is due to the 
increased P0 near the inner bypass duct and nozzle annulus, com-
bined with the high local curvature at the bypass nozzle inner wall 
downstream of the CP. The combined impact of these characteris-
tics results in a ﬂow over-acceleration near the inner annulus wall 
downstream of the nozzle exit. This causes the manifestation of a 
stronger shock-ﬁeld leading to more intense shock-wave/boundary 
layer interaction phenomena. Moreover, the formation of a normal 
shock wave can be observed near the vicinity of the core after-
body trailing edge.
Fig. 4 presents the effect of fan OGV exit proﬁle on the aero-
dynamic performance of the exhaust system. Results are presented 
for C O verallV and C
Bypass
D in Figs. 4(a) and (b), respectively. The ob-
tained results are presented as percentage differences relative to 
the case of uniform inﬂow using the following expression:
C O verallV (%) = 100×
(C O verallV )
Non−uni f orm − (C O verallV )Uni f orm
(C O verallV )
Uni f orm
(6)
with a similar expression used for C BypassD (%) in Fig. 4(b).
Fig. 4(a) shows that all investigated proﬁles result in a perfor-
mance penalty in C O verallV relative to the case of uniform inﬂow. 
The hub-loaded fan OGV exit proﬁle resulted in the largest perfor-
mance deﬁcit with C O verallV (%) ≈ −0.125%, whilst the mid-loaded 
radial proﬁle appears be accompanied by a small penalty with 
C O verallV (%) ≈ −0.006%. A signiﬁcant negative impact in C O verallV
can also be observed for the tip-loaded proﬁle with C O verallV (%) ≈−0.078%. The excessive performance penalty identiﬁed for the 
hub-loaded proﬁle is attributed to the impact of two adverse ﬂow 
features observed in Fig. 3(d): (a) the adverse shock topology on 
the core after-body, and (b) the separated ﬂow region at the by-
pass duct outer annulus wall. With respect to the tip-loaded proﬁle 
case, the predicted reduction in C O verallV is attributed to the ex-
tended boundary layer separation region at the bypass duct inner Fig. 4. Impact of fan exit proﬁle on exhaust aerodynamic performance - comparison 
with uniform inﬂow scenario - Eq. (6): (a) C O verallV (%) and (b) C
Bypass
D (%).
annulus wall, as shown in Fig. 3(b). As regards the mid-loaded 
fan OGV exit proﬁle, Fig. 3(c) shows that the negligible change 
in CoverallV can be attributed to two previously identiﬁed and con-
ﬂicting ﬂow characteristics: (a) the adverse effect of the normal 
shock downstream of the core after-body trailing edge, and (b) the 
favourable reduction in skin-friction at the bypass duct and noz-
zle walls, as well as the reduced shear-stress at the jet boundaries. 
It appears that the impact of these conﬂicting ﬂow features on 
C O verallV is of the same order of magnitude resulting in negligible 
performance change.
Further to the above, Fig. 3(c) shows that the near-wall veloc-
ity in the vicinity of the bypass inner and outer annulus walls 
has been reduced substantially for the mid-loaded fan proﬁle case. 
Further reduction in near-wall velocity, for example due to FNPR 
decrease or due to external ﬂow suppression, can lead to ﬂow-
reversal near the vicinity of the inner and outer bypass duct an-
nulus walls. This can result in an increase of total pressure loss 
within the bypass duct, as well as in C O verallV deﬁcit.
Fig. 4(b) shows that the predicted changes in C BypassD are al-
most an order of magnitude larger compared to those identiﬁed for 
C O verallV . This is attributed to the local momentum deﬁcit near the 
bypass duct and nozzle annulus walls which renders the bound-
ary layer growth more sensitive to adverse pressure gradients. This 
affects the boundary layer thickness at the nozzle exit and con-
sequently on C BypassD . Furthermore, changes to the near-wall static 
pressure and temperature due to the imposed P0(r) and T0(r) vari-
ations affect the boundary layer Reynolds number which inﬂuences 
its thickness at the nozzle exit.
The hub-loaded proﬁle has the largest impact on C BypassD with 
C BypassD (%) ≈ −0.9%. This is followed by the tip-loaded proﬁle 
with C BypassD (%) ≈ −0.58%, whilst the mid-loaded proﬁle appears 
to be the most benign with C BypassD (%) ≈ −0.28%. The hub-loaded 
distribution results in the largest C BypassD deﬁcit due to the un-
choked ﬂow region at the bypass nozzle exit outer annulus wall 
which is dominant due to the axi-symmetric topology of the do-
main. The impact noted for the tip-loaded proﬁle is attributed to 
the low Mach number at the bypass nozzle exit inner annulus line 
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Design space bounds for fan exit proﬁle parameters.
Design variable Lower bound Upper bound Unit
Pmax0
Pavg0
1.0 1.08 –
rmaxP0 0.25 0.75 –
Tmax0
T avg0
1.0 1.08 –
rmaxT0 0.25 0.75 –
θ
avg
sw 0.0 5.0 deg
which results in signiﬁcant boundary layer thickness. Finally, the 
mid-loaded proﬁle case has the smallest impact on C BypassD due to 
the relatively high-subsonic Mach number at the inner and outer 
bypass annulus walls at the nozzle exit.
At this point it is re-iterated that the values of C BypassD (%) are 
signiﬁcant and can reach up to -0.9% for the hub-loaded proﬁle, 
relative to the case of uniform inﬂow. Although the changes noted 
in C BypassD do not directly affect exhaust performance, they inﬂu-
ence the required bypass nozzle geometric throat area for a given 
mass-ﬂow rate demand [3,9,41]. Therefore, for a given C BypassD (%), 
the bypass nozzle throat area would have to be re-scaled relative 
to the case of uniform inﬂow in order to satisfy the engine mass-
ﬂow requirement for the designated operating condition. These 
changes in C BypassD could be of interest from the point of view 
of exhaust system size, structure, and weight, but they should 
also be considered relative to the associated manufacturing toler-
ances. To conclude, changes in C BypassD should also be accounted 
for alongside changes in C O verallV during the design and analysis of 
the exhaust system.
3.2. Fan exit proﬁle effect: DSE and analysis
Following the identiﬁcation of the governing ﬂow mechanisms, 
a DSE was carried out to understand the response of the inﬂow 
design space. Numerical analyses were performed for the baseline 
exhaust geometry (Fig. 3) where the design space consisted of the 
spatial variation of P0(r) and T0(r) at the bypass entry. A non-
parametric fan exit proﬁle was used in the DSE [14]. The impact 
of area-averaged swirl angle θavgsw was also included in the design 
space through scaling the bespoke swirl proﬁle accordingly. This 
resulted in an inﬂow representation comprising a total of ﬁve (5) 
variables as noted in Table 2.
The LHD method [31] was initially deployed to discretise the 
fan exit proﬁle design space described in Table 2. A global data-
base was compiled consisting of 250 inﬂow combinations in terms 
of P0(r), T0(r), and θ
avg
sw , using the parametric proﬁle deﬁnition 
described in section 2.3 of this article. The performance of the 
baseline exhaust system (Fig. 3) was evaluated for each of the de-
rived P0(r), T0(r), and θ
avg
sw combinations using the CFD approach 
described and validated by the authors [41].
It is noted that a consistent fan OGV exit proﬁle representation 
requires that the radial variations of P0(r) and T0(r) are inter-
related through the span-wise distribution of isentropic eﬃciency 
of the fan blade and OGV. However, during the preliminary de-
sign of the exhaust system, suﬃciently accurate fan eﬃciency data 
may not available to establish a proper correlation between the 
radial variations of P0(r) and T0(r). Thus, a generic approach is re-
quired that can be applied independently of fan-eﬃciency related 
attributes. Therefore, for the compilation of the inﬂow database, 
the radial proﬁles of P0(r) and T0(r) were treated as independent 
ﬂow parameters. This was done to extract orthogonal information 
from the aerodynamic design space in order to separate, identify, Fig. 5. LOO cross-validation applied to the fan exit proﬁle RSMs structured for: 
(a) C O verallV and (b) C
Bypass
D .
and model the fundamental ﬂow mechanisms associated with the 
impact of P0(r) and T0(r), independently. Hence, the employed ap-
proach ensures that the derived surrogate-models will be able to 
describe the impact of the associated ﬂow-mechanisms in a sepa-
rate manner. Moreover, it allows a bounded RSM interrogation of 
the form of P0(r) = f
(
T0(r), θ
avg
sw
)
which ensures compatibility be-
tween the employed inﬂow deﬁnition and realistic ﬂow conditions.
The obtained results were subsequently utilised to structure 
RSMs that can approximate the response of the design space. The 
approach employed in this paper was based on interpolation us-
ing Gaussian Processes Regression [32]. The classical LOO cross-
validation method [9,10] was utilised to assess the quality of the 
RSMs. The process is illustrated in Figs. 5(a) and (b) for C O verallV
and C BypassD , respectively. It can be observed that the computed 
values of NPearson when correlating RSM predictions with CFD re-
sults are of the order of 0.990 and 0.985 for C O verallV and C
Bypass
D , 
respectively. The computed quality metrics indicate the excellent 
predictive accuracy of the structured RSMs.
A systematic RSM interrogation was carried out to understand 
the aerodynamic response of the inﬂow design space. The RSM 
interrogations were carried out in terms of P0(r) radial proﬁles 
through direct control of 
(
Pmax0
Pavg0
)
and rmaxP0 . A ﬁxed ratio of 
Pmax0 /P
avg
0
Tmax0 /T
avg
0
= 0.995 was assumed along with coincident radial po-
sitions of peak ﬂow quantities rmaxP0 =r
max
T0
to ensure compatibility 
between the radial distributions of T0 and P0 during the anal-
yses carried out. The assumption behind this approach was that 
the impact of fan blade span wise loading variation on its radial 
distribution of isentropic eﬃciency was not signiﬁcant enough to 
de-couple the radial proﬁles of P0 and T0 at the fan exit. Fur-
thermore, a constant area-averaged swirl angle was assumed of 
θ
avg
sw ≈ 2◦ .
Fig. 6 illustrates the impact of fan exit ﬂow proﬁle in terms 
of 
Pmax0
Pavg0
and rmaxP0 on the aerodynamic performance of the base-
line exhaust system. Results are presented for C O verallV , C
Bypass
D , and 
CCoreD in Figs. 6(a), (b), and (c), respectively. It can be observed 
that all metrics have clearly deﬁned optimum inﬂow regions. As 
mentioned in section 3.1, the baseline exhaust geometry was pre-
optimised for C O verallV using a nearly mid-loaded fan OGV exit 
ﬂow proﬁle with 
(
Pmax0
Pavg0
)
≈ 1.02 and rmaxP0 ≈ 0.52 [11]. However, 
Fig. 6(a) suggests that the optimum inﬂow region for C O verallV is 
obtained for 
(
Pmax0
Pavg0
)
≈ 1.04 and rmaxP0 ≈ 0.52, which is 2% more in-
tense compared to the proﬁle for which the exhaust geometry was 
optimised. This alludes to the potential to obtain further exhaust 
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aerodynamic performance for the baseline exhaust geometry (Fig. 3): (a) C O verallV , 
(b) C BypassD , and (c) C
Core
D .
performance improvements if the exhaust geometry is optimised 
in tandem with the employed fan exit proﬁle, instead of using a 
ﬁxed inﬂow deﬁnition. Furthermore, it can be noted that the in-
ﬂow region with the largest performance deﬁcit is associated with 
intense hub-loaded proﬁles with 
(
Pmax0
Pavg0
)
≥ 1.06 and rmaxP0 ≤ 0.35. 
This is due to the associated adverse ﬂow features described in 
section 3.1.
Fig. 6(b) presents a similar behaviour with respect to the im-
pact of fan OGV exit ﬂow proﬁle on C Bypass with clearly deﬁned DFig. 7. Impact of optimum fan exit proﬁle on the baseline exhaust aerodynamic be-
haviour.
favourable and adverse inﬂow domains. The optimum inﬂow re-
gion for C BypassD is obtained for 
Pmax0
Pavg0
≈ 1.035 and rmaxP0 ≈ 0.5 which 
is close to that identiﬁed for C O verallV . A 0.75% penalty in C
Bypass
D
relative to the case of optimum inﬂow is observed near the vicinity 
of the hub-loaded inﬂow due to the unfavourable ﬂow phenomena 
within the bypass duct and nozzle shown in Fig. 3(d).
The impact of fan OGV exit ﬂow proﬁle on CCoreD is presented in 
Fig. 6(c). It can be observed that CCoreD exhibits a substantially dif-
ferent behaviour compared to that noted for C O verallV and C
Bypass
D . 
Due to the low value of CNPR (CN P R ≈ 1.5) the core nozzle is 
unchoked. As a result, the core nozzle mass ﬂow and CCoreD are 
sensitive to the static pressure ﬁeld in the vicinity of the core noz-
zle exit. For a tip-loaded proﬁle (rmaxP0 > 0.5), Fig. 3(b) shows that 
the static pressure at the core nozzle exit is reduced due to the 
low P0(r) content near the inner bypass annulus wall and down-
stream core after-body causing near-wall subsonic ﬂow conditions. 
Consequently this leads to an increase in core nozzle mass ﬂow 
and CCoreD . However, considering a hub-loaded P0(r) distribution 
(rmaxP0 < 0.5), Fig. 3(d) reveals the formation of a strong normal 
shock at the core after-body trailing edge. The observed normal 
shock causes a static pressure rise at the core nozzle exit with a 
concurrent reduction in CCoreD . The observed behaviour appears to 
be ampliﬁed with increasing proﬁle non-uniformity magnitude in 
terms of 
(
Pmax0
Pavg0
)
.
Fig. 7 presents the effect of optimum fan exit proﬁle on the 
aerodynamic behaviour of the baseline exhaust. Analysis was car-
ried out using the optimum inﬂow parameters for C O verallV ex-
tracted from the RSM-based map shown in Fig. 6(a). It can be 
observed that the magnitude of the unfavourable ﬂow features pre-
viously observed in Fig. 3(a) for the case of uniform inﬂow has 
been reduced. Speciﬁcally, the presence of locally supersonic ﬂow 
domains noted in Fig. 3(a) downstream of the CP near the inner 
annulus nozzle wall has been alleviated. Furthermore, a shock-free 
ﬂow-ﬁeld is observed within almost the entire vicinity of the core 
after-body. The near-wall velocities within the bypass duct and 
nozzle have been reduced resulting in lower skin-friction, whilst 
the strength of the oblique shocks and expansion fans downstream 
of the core after-body trailing edge has been ameliorated. The im-
provements in the exhaust ﬂow-ﬁeld depicted in Fig. 7 yield a 
performance beneﬁt of approximately 0.06% in terms of C O verallV , 
relative to the case of uniform inﬂow.
3.3. Combined inﬂow and geometry optimisation
The results presented in section 3.2 suggested the potential to 
obtain further performance improvements if the exhaust geome-
try is optimised in tandem with the fan OGV exit proﬁle. Within 
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tiﬁcation of optimum exhaust designs for designated fan loading 
types, as well as the simultaneous optimisation of the exhaust ge-
ometry in combination with the fan OGV exit ﬂow characteristics. 
This was achieved by extending the DSE approach of GEMINI to 
include the bypass inﬂow control variables for P0(r) and T0(r)
(Fig. 2) in conjunction with the exhaust geometry control vari-
ables [11].
The geometric exhaust design space comprised twelve (12) de-
sign variables used to establish an analytical representation of the 
LP exhaust and core after-body annulus. These included parameters 
that controlled the bypass duct and nozzle, the core after-body, 
and the core cowl vent. The employed parametric geometry deﬁ-
nition and the associated design space bounds were described by 
Goulos et al. [11]. The fan OGV exit annulus areas and angles were 
held ﬁxed to ensure geometric compatibility of the exhaust sys-
tem with the engine fan case. The parametric deﬁnition of the 
inﬂow design space was identical to that used in section 3.2. This 
included a total of ﬁve (5) control variables for P0(r), T0(r), and 
θsw . Thus, the merging of the geometric and inﬂow parts of the 
design space lead to a global LP exhaust ﬂow-path representation 
comprising seventeen (17) design variables.
The combined LP exhaust design space was subsequently dis-
cretised with the deployment of the LHD DOE approach [31]. A 
global data-base containing 935 combinations of bypass inﬂow 
and exhaust geometries was compiled. This established a densely 
populated design space with a sample size to variable number 
ratio equal to 55. The DOE results were utilised to formulate 
surrogate models using the Kriging method [32]. The LOO cross-
validation [46] method was applied to evaluate the predictive 
quality of the RSMs. The values of NPearson and linear regression 
line gradient when cross-correlating RSM predictions with CFD re-
sults for C O verallV , were 0.95 and 42.4
◦
, respectively. The Root Mean 
Squate (RMS) model error for C O verallV was estimated to be 0.03%, 
which is close to the numerical accuracy of the employed CFD ap-
proach [41].
After establishing conﬁdence in the predictive capability of the 
RSMs, they were employed to guide the optimisation process. Four 
(4) types of optimisation were performed: (i) a single (1) combined 
optimisation where both the inlet proﬁle and the exhaust geome-
try were varied simultaneously to obtain the globally optimum LP 
system, and (ii) three (3) ﬁxed inlet-proﬁle geometric optimisa-
tions where for each case the bypass inﬂow distribution was held 
constant and the exhaust geometry was optimised. With respect 
to case (ii), optimisations were carried out for the tip, mid, and 
hub-loaded proﬁles outlined in Table 1.
The NSGA-II algorithm [33] was employed for all optimisa-
tions carried out. C O verallV was set as the objective function to 
be maximised. The population size was set to be 20 times the 
number of variables. This resulted in a population size of 340 
designs per generation. A convergence criterion of 10−20 was im-
posed on the average consecutive mutations per generation. A 
ﬁxed value of θsw ≈ 2◦ was used during all optimisations carried 
out.
Fig. 8 presents the aerodynamic behaviour of the optimum 
exhaust geometries. Fig. 8(a) depicts the exhaust ﬂow-ﬁeld for 
the combined inﬂow and geometry optimisation scenario, whilst 
Figs. 8(b), (c), and (d) present numerical predictions for the tip, 
mid, and hub-loaded variants, respectively. The associated impact 
on C O verallV and C
Bypass
D is presented in Figs. 9(a) and (b), respec-
tively. Results are presented as percentage differences relative to 
the combined proﬁle and geometry optimisation case, which was 
treated as a “best case scenario”, as follows:Fig. 8. Impact of fan exit proﬁle on exhaust aerodynamics – optimised exhaust 
geometries: (a) combined inﬂow and geometry optimisation, (b) tip-loaded, (c) mid-
loaded, and (d) hub-loaded.
C O verallV (%) = 100×
(C O verallV )
Hub/mid/tip − (C O verallV )Combined
(C O verallV )
Combined
(7)
with a similar expression used for the deﬁnition of C BypassD (%).
Fig. 8(a) shows that with respect to the combined inﬂow and 
geometry optimisation case, the optimum exhaust shape is sim-
ilar to the baseline geometry of Fig. 3. Furthermore, it can be 
observed that the globally optimum inﬂow characteristics are ob-
tained for 
(
Pmax0
Pavg0
)
≈ 1.03 and rmaxP0 ≈ 0.53. These are comparable 
to the values associated with the non-parametric inﬂow deﬁni-
tion, 
(
Pmax0
Pavg0
)
≈ 1.02 and rmaxP0 ≈ 0.52, employed by Goulos et al. 
for the optimisation of the baseline exhaust shape [11]. Thus, the 
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misation of the baseline exhaust [11] and the obtained optimum 
P0(r) distribution, resulted in comparable exhaust geometries for 
the baseline (Fig. 3) and optimised cases (Fig. 8(a)).
A notable geometric alteration shown in Fig. 8(a) relative to 
the baseline exhaust, is associated with the axial position of the 
core cowl vent on the core after-body. Speciﬁcally, the optimisa-
tion resulted in a core cowl vent exit location of nearly 40% of core 
cowl length downstream relative to where it was positioned on the 
baseline geometry (Fig. 3). This is attributed to the relative insensi-
tivity of the post-bypass-nozzle exit transonic ﬂow-ﬁeld to the core 
cowl vent placement for the combined case due to the local P0(r)
deﬁcit. The combined optimisation yielded a C O verallV improvement 
of 0.07% relative to the case of uniform inﬂow. In terms of C BypassD , 
the combined optimisation case (Fig. 8(a)) exhibits an improve-
ment of approximately 0.17% relative to the case of uniform inﬂow 
(Fig. 3(a)). This is attributed to the reduced skin-frictions losses 
within the bypass duct for the combined optimisation case. This 
is due to the optimisation of the fan exit proﬁle which resulted in 
non-uniform distributions of P0(r) at the bypass inlet leading to 
reduced near-wall velocities.
Fig. 8(b) shows that with respect to the tip-loaded fan OGV exit 
proﬁle, substantial modiﬁcations were applied to the exhaust ge-
ometry to better align the aerodynamic behaviour of the exhaust 
with the prescribed inﬂow distribution. Speciﬁcally, the employ-
ment of higher core after-body angle can be observed in combina-
tion with nearly-zero gradient at the nozzle CP within the outer 
bypass annulus wall. However, some of the adverse ﬂow features 
previously observed in Fig. 3(b) have not been mitigated. These in-
clude the low momentum region near the inner annulus wall of 
the bypass duct and the downstream subsonic ﬂow region at the 
nozzle throat. However, these ﬂow mechanisms are linked to the 
imposed distribution of P0(r). As such, it is unlikely that a geomet-
ric optimisation would be able to alleviate these ﬂow phenomena 
unless the fan OGV exit area constraint was relaxed. Fig. 9(a) shows 
that the tip-loaded optimised exhaust exhibits a C O verallV deﬁcit of 
the order of -0.13% relative to the combined optimisation result. 
The change in C O verallV obtained relative to the baseline exhaust is 
0.013% which is small. This is attributed to the previously noted 
adverse ﬂow phenomena associated with the imposed P0(r) dis-
tribution.
With regards to the mid-loaded proﬁle optimum geometry, 
Fig, 8(c) shows that small geometric modiﬁcations have been ap-
plied relative to the baseline exhaust geometry (Fig. 3(c)). As a 
result, the ﬂow phenomena are nearly identical between the two 
cases. Fig. 9(a) shows that the combined optimisation result out-
performs the mid-loaded optimised exhaust in terms of C O verallV by 
0.075%. This is due to the geometric similarity between the two 
exhaust geometries.
Fig. 8(d) shows that the aerodynamic behaviour of the ex-
haust geometry optimised for the hub-loaded inﬂow distribution 
has been substantially improved. Speciﬁcally, the adverse shock-
ﬁeld on the core after-body previously observed in Fig. 3(d) has 
been alleviated. This has been achieved by increasing the noz-
zle length ratio κ inlen and by relaxing the curvature distribution at 
the inner annulus wall downstream of the bypass nozzle CP. This 
modiﬁcation allows the under-expanded bypass nozzle jet to align 
more gradually with the core after-body angle before expanding 
to supersonic conditions. This lowers the magnitude of ﬂow over-
acceleration due to the locally excess values of P0(r) near the inner 
annulus. Concurrently, the local maximum Mach number down-
stream of the bypass nozzle exit is reduced which mitigates the 
adverse shock topology noted previously on the core after-body of 
the baseline exhaust (Fig. 3(d)).
However, despite the beneﬁcial impact of the optimisation on 
the exhaust ﬂow-ﬁeld, Fig. 9(a) shows that a performance penalty Fig. 9. Impact of fan exit proﬁle on exhaust performance for optimised geometries 
- comparison with combined geometry and inﬂow optimisation scenario - Eq. (7): 
(a) C O verallV (%) and (b) C
Bypass
D (%).
remains in terms of C O verallV for the hub-loaded optimum exhaust 
which reaches -0.19% relative to the combined optimisation sce-
nario. The baseline and hub-loaded optimum designs exhibit sim-
ilar performance when coupled to the prescribed hub-loaded in-
ﬂow distribution. However, the variable bounds imposed on the 
parametric deﬁnitions of P0(r) and T0(r) during the optimisation 
process have skewed the design towards the most aerodynamically 
favourable part of the design space.
Fig. 9(b) presents the associated percentage differences in ex-
haust performance in terms of C BypassD . The results demonstrate 
that the ﬁxed-inﬂow optimum exhausts exhibit substantial penal-
ties in terms of C BypassD relative to the combined optimisation 
scenario shown in Fig. 8(a). These are of the order of -0.65%, 
-0.45%, and -0.72% for the tip, mid, and hub-loaded proﬁle opti-
mised geometries, respectively. However, although not shown in 
Fig. 9(b), the tip and hub-loaded proﬁle optimised geometries 
(Figs. 8(b) and (d)) exhibit substantial C BypassD improvement when 
compared to the baseline exhaust for the associated inﬂow dis-
tributions (Fig. 3(b) and (d)). These reach approximately 0.1% and 
0.33% for the tip and hub-loaded variants, respectively, and are 
due to the ﬂow mechanisms described in section 3.1. These pre-
dicted increases in C BypassD indicate that the combined optimisa-
tion has resulted in an exhaust system that can satisfy the engine 
mass-ﬂow rate demand with a decreased geometric throat area, as 
demonstrated by the values of C BypassD shown in Fig. 9(b), relative 
to the ﬁxed-inﬂow optimisation cases. Thus, the combined optimi-
sation process could also lead to the design of an exhaust system 
with reduced size and weight, which could result to further per-
formance gains at engine level
At this point, it is emphasised that the developed approach 
aims to yield propulsive eﬃciency improvements through optimi-
sation of the LP exhaust ﬂow-path. However, changes applied to 
fan blade loading inevitably have an impact on fan isentropic eﬃ-
ciency, which has a consequent effect on thermal eﬃciency. Hence, 
a holistic engine optimisation method should account for the im-
pact of fan blade loading on both thermal as well as on propulsive 
eﬃciency, and as such, it should target the optimisation of engine 
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such an approach would require accurate estimates of fan isen-
tropic eﬃciency for each assessed variation of fan blade span-wise 
loading (Fig. 2). Furthermore, this analysis would require knowl-
edge on exchange rates between fan isentropic eﬃciency and SFC, 
as well as between C O verallV and SFC [48]. However, this topic falls 
outside the scope of the present work which is on the LP exhaust 
ﬂow-path design only. Hence, further elaboration on this analysis 
aspect shall be omitted.
4. Conclusions
This paper described the development and application of a 
novel methodology for the LP exhaust ﬂow-path optimisation 
of civil aero-engines during the stages of preliminary design. A 
parabolic mathematical deﬁnition was formulated to parameterise 
and control the circumferentially-averaged radial distributions of 
P0 and T0 at the fan OGV exit. The devised formulation was im-
plemented into a validated tool for the aerodynamic analysis and 
optimisation of separate-jet exhaust systems.
It was shown that the combined geometry and inﬂow LP ex-
haust ﬂow-path optimisation can offer substantial performance 
beneﬁts compared to a strictly geometric ﬁxed-inﬂow design ap-
proach. The improvement in C O verallV for the combined inﬂow and 
geometry optimisation was found to be of the order of 0.13%, 
0.075%, and 0.19%, relative to the ﬁxed-inﬂow optimised exhausts 
for the tip, mid, and hub-loaded fan OGV exit proﬁles, respec-
tively. The hub-loaded inﬂow distribution was found to incur the 
largest performance penalty when compared to the mid and tip-
loaded variants. The ﬁxed-inﬂow geometric optimisations carried 
out were able to ameliorate adverse ﬂow-phenomena related to 
the inﬂuence of the bypass inlet conditions. Furthermore, the as-
sociated gains in C BypassD were found to be approximately 0.65%, 
0.45%, and 0.72%, relative to the tip, mid, and hub-loaded ﬁxed-
inﬂow optimum exhausts, respectively. The predicted increases in 
C BypassD could potentially have an impact on the exhaust system 
size, structure, and weight, when exceeding manufacturing toler-
ances, as they could reduce the geometric throat area required to 
satisfy the engine mass-ﬂow rate demand. The developed method 
can derive exhaust design deﬁnitions based on the optimum aero-
dynamic coupling between the exhaust and fan loading character-
istics.
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